ABSTRACT A study was conducted to evaluate the ability of the young (0 to 3 wk) broiler chicken to utilize the P provided by a high available P corn [HAPC; 0.27% total P and 0.17% nonphytate P] in comparison with yellow dent corn (YDC; 0.23% total P and 0.03% nonphytate P), and to determine the extent to which supplementation with exogenous phytase enzyme could reduce the demands for dietary P and subsequently reduce P excretion. Diets prepared using the two types of corn differed in the amount of phytate-bound P, with the HAPC diets containing approximately 50% less phytate-bound P. Treatment diets were prepared by varying the amount of dicalcium phosphate, and ranged from 0.10 to 0.50% nonphytate P for YDC diets, and from 0.18 to 0.50% nonphytate P for HAPC diets. Sublots of each diet were supplemented with 800 units/kg phytase. Each diet was fed to six pens of five male chicks of a commercial broiler strain from 1 to 21 d of age. Regression analysis was used to estimate nonphytate P requirements for each corn type with and without phytase supplementation.
INTRODUCTION
Because of the demands for adequate skeletal development of the rapidly growing bird and the sensitivity to deficiencies of P, it is necessary to provide an adequate margin of safety for this nutrient in broiler diets. However, due to the relative expense of this nutrient and growing concerns about the effects of excreted P on eutrophication of surface waters (Sharpley, 1999) , there is great
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The greatest need for nonphytate P was for maximum tibia ash, with requirements of 0.39, 0.29, 0.37, and 0.32% in diets with YDC, YDC plus phytase, HAPC, and HAPC plus phytase, respectively. Addition of phytase liberated approximately 50% of the phytate-bound P from each diet. These levels were sufficient to support body weight, feed conversion, and livability. Fecal P content of broilers fed diets with YDC at the NRC (1994) recommended level of 0.45% nonphytate P was 1.21%, whereas at the respective requirement points indicated above, the P content was 1.09, 0.87, 0.78, and 0.64% in feces from broilers fed diets with YDC, YDC plus phytase, HAPC, and HAPC plus phytase, respectively. Thus, fecal P output could be reduced while maintaining optimum performance by the use of reduced dietary nonphytate P, introduction of HAPC, and phytase supplementation. One of the greatest benefits of phytase supplementation appeared to be maintaining livability at lower dietary levels of nonphytate P. interest in providing adequate P to sustain economic performance of broilers while reducing P excretion.
A considerable amount of the P in poultry diets is in the form of phytate P, an organically bound form of the mineral (O'Dell et al., 1972; Raboy, 1990 Raboy, , 1997 . Chickens are lacking or limited in phytase, the enzyme that is necessary for breakdown of the molecule and subsequent release of P for absorption. Nelson et al. (1968; 1971) demonstrated that addition of exogenous phytase enzyme to broiler diets was an effective means of improving the availability of phytate-bound P. Recent commercial development of phytase enzymes offers promise in reducing overall dietary P levels by increasing the ability of the chick to utilize a portion of the phytate-bound P (Simons et al., 1990; Broz et al., 1994; Kornegay et al., 1996b; Edwards, 1996a, 1996b; Qian et al., 1996 Qian et al., , 1997 Van der Klis and Versteegh, 1996) .
Another approach to reducing dietary P levels and minimizing P in the excreta is to develop feedstuffs with modified levels of phytate-bound P. A corn mutation with low phytate P and high available P content has been developed by the USDA (Raboy and Gerbasi, 1996; Raboy, 1997) and bred into a hybrid by a major seed company 4 using the low phytic acid 1-1 (lpal-1) allele of the corn LPA1 gene. This hybrid, designated as high available phosphate corn (HAPC), contains approximately 0.27% total P, of which 0.17% is estimated to be available to the chicken. In contrast, a normal corn hybrid contains similar levels of total P, but only about 0.03% available P. Substitution of the normal corn with the low-phytate corn would therefore reduce the amounts of phytate-bound corn in the diet and, consequently, reduce the amount of P excreted in the litter.
A study was undertaken to evaluate the ability of the young broiler chicken to utilize the P provided by HAPC and normal corn, and to determine the extent to which supplementation with exogenous phytase enzyme could reduce the demands for dietary P and, subsequently, reduce phosphorus excretion. Most studies with phytase have focused upon determining effective usage levels of phytase, and are characterized as having few data points to estimate a P requirement for chicks fed diets supplemented with phytase.
MATERIALS AND METHODS
Diets were formulated using either normal yellow dent corn (YDC) or HAPC and using nutrient composition values provided by the seed company (Table 1) . The YDC was an isogenic normal phytate counterpart to the HAPC. Both corns were grown at the same location during the same year. Diets were formulated to meet or exceed 105% of the minimum amino acid allowances recommended by NRC (1994), with 0.50% nonphytate P and 1.00% Ca. Composition of the diets is shown in Table 2 . Withholding the supplemental dicalcium phosphate and limestone from the YDC diet resulted in a diet with 0.10% nonphytate and 0.35% total P, with 0.10% Ca. Withholding the supplemental dicalcium phosphate and limestone from the HAPC diet resulted in a diet with 0.18% nonphytate and 0.37% total P, with 0.10% Ca. Thus, broiler diets based on HAPC contained approximately 50% less phytatebound P than diets with YDC and, consequently, should result in less P excretion in the feces.
A large quantity of the respective YDC and HAPC basal diets, excluding the dicalcium phosphate and limestone 4 Pioneer Hi-Bred International, Inc., Johnston, IA 50131. Natuphos, BASF Corporation, Mt. Olive NJ 07828. One unit of phytase activity is defined as the quantity of enzyme required to produce 1 µmol of inorganic P/min from 5.1 mmol/L of sodium phytate at a pH of 5.5 and a water bath temperature of 37 C.
supplements, was prepared and divided into two sublots. One sublot of each basal diet was fortified with the formulated levels of dicalcium phosphate and limestone (0.50% nonphytate P and 1.00% Ca), whereas the second sublot was supplemented only with sufficient limestone to provide a total of 1.00% Ca, with inert sand as a filler ingredient. Therefore, for each corn type, a low-P and a high-P basal diet were prepared, each with 1.00% Ca. The four basal lots were then analyzed in quadruplicate for crude protein, Ca, and P content 5 to verify proper mixing. Half of each lot was supplemented with 800 units/kg phytase enzyme. 6 This level of phytase was considered to be sufficient for maximum economical release of P (Kornegay et al., 1996a; Van der Klis and Versteegh, 1996; Yi et al., 1996) . The enzyme was sprayed onto the mixed feed; one part of the enzyme was mixed with ten parts of distilled water and slowly applied to the feed in a mixer. Samples of the mixed feeds were assayed for phytase content to verify adequate mixing.
Based upon the results of the analysis, the low-P and high-P basal diets within each corn type, with or without phytase, were blended in appropriate amounts to provide a series of diets ranging in nonphytate P content (0.10, 0.15, 0.20, 0.25, 0.30, 0.35, 0.40, 0.45, and 0 .50% for the diets with YDC, and 0. 18, 0.20, 0.25, 0.30, 0.35, 0.40, 0.45, and 0 .50% for the diets with HAPC). The resulting experimental diets were analyzed for Ca and total P content, as previously described, to verify adequate mixing.
The two sources of corn, fed at variable P levels, with and without phytase supplementation, resulted in a total of 34 dietary treatments (Table 3) . Each of these treatments was fed to six replicate pens of five male chicks of a commercial broiler strain. 7 The chicks were obtained from a local hatchery and randomly assigned to compartments in electrically heated battery brooders with raised wire floors and 24-h fluorescent illumination. They were offered the test diets in mash form and tap water for consumption ad libitum from 1 to 21 d of age.
Body weights of birds were obtained at 1 and 21 d of age. Feed consumption during the test period was determined. Mortality was checked twice daily; weights of birds that died were used to adjust the feed conversion ratio (grams of feed required per gram of gain). At 14 d, feces were collected on aluminum foil for a 24-h period; the excreta were immediately frozen, freeze-dried, and analyzed for P content.
5 At 21 d two birds per pen, representative of the mean body weight, were killed by CO 2 inhalation, and the right tibia was removed for bone ash determination (AOAC, 1990) . The left tibia was examined for incidence and severity of tibial dyschondroplasia (TD) using the scoring system of Edwards and Veltmann (1983). 7 Cobb 500, Cobb-Vantress, Inc., Siloam Springs, AR 72761.
Pen mean served as the experimental unit for statistical analysis. A preliminary analysis of variance was carried out as a factorial arrangement of treatments using the general linear models procedure of SAS (SAS Institute Inc., 1991) . In order to have a balanced analysis comparing YDC and HAPC, only diets with 0.20% or greater nonphytate P were considered. The main effects of corn type, nonphytate P level, and phytase supplementation, as well as all two-way and three-way interactions, were evaluated. Statements of probability are based upon P ≤ 0.05. Following this, nonlinear regression analysis was conducted to estimate the break points of selected variables using the PROC NLIN procedure of SAS (SAS Institute Inc., 1991), and incorporating the SAS macro of Robbins (1986) . Four different estimates were made to include each of the corn sources with and without phytase supplementation. All phosphorus levels within each corn type were considered in these analyses.
RESULTS AND DISCUSSION
Crude protein, Ca, and total P content of the basal test diets prior to preparation of the low-and high-P diets within each corn type were in agreement with calculated values (Table 2 ). Phytase contents of the low-P YDC basal, high-P YDC basal, low-P HAPC basal, and high-P HAPC basal diets were 835, 823, 850, and 841 units/kg, respectively, which was in agreement with the anticipated 800 units/kg. Analysis of the final experimental diets indicated that levels of total P were within ± 0.02% of expected values (data not shown).
Factorial Analysis
Body weights of chicks were significantly affected by the main effects of nonphytate P level and phytase supplementation, and by interactions between phytase supplementation and type of corn used, and between phytase supplementation and level of P (Table 3 ). There were no differences in body weights of chicks fed the two types of corn. Because the YDC was an isogenic normal phytate counterpart to the HAPC, grown at the same location during the same year and virtually identical in analyzed nutrient content, no differences should be expected when fed at similar levels of nonphytate P. Birds fed diets with phytase had significantly higher body weights than did birds fed diets without phytase supplementation; however, the response to phytase was greater when it was added to diets containing normal corn. This result should be expected, because there was more phytate-bound P present in this diet to react to the phytase supplementation. Addition of phytase to diets low in P significantly improved body weights; however, at higher levels of P at which the dietary level was sufficient, addition of phytase had no significant effect on body weight, accounting for the significant phytase × P level interaction.
Feed conversion was significantly affected by phytase supplementation and by an interaction between corn type and phytase supplementation (Table 4) . No difference in feed conversion was noted between chicks fed the two corn types. The minimum nonphytate P level used in the factorial analysis was 0.20%; this minimum level appeared to be satisfactory to maintain feed conversion. Phytase supplementation significantly improved feed conversion, and was influenced by the corn source used. In contrast to the body weight response, a greater improvement in feed conversion was observed when phytase was added to the diets with HAPC compared with diets containing YDC. We have no explanation for this difference.
Mortality during the study was significantly affected by the main effects of nonphytate P level and phytase supplementation, and by the interactions of phytase supplementation and nonphytate P level, corn type and nonphytate P level, and corn source, phytase supplementation, and nonphytate P level (Table 5 ). Mortality was high at the lower levels of nonphytate P, and the addition of phytase considerably reduced mortality. This effect was especially evident at the lowest levels of nonphytate P, although they were not considered in the factorial analysis. A minimum of 0.25% nonphytate P appeared to be necessary to minimize problems with mortality in the absence of phytase supplementation; with the addition of phytase, no more than 0.20% nonphytate P appeared to be necessary. Mortality in chicks fed diets with HAPC at the nonphytate P levels considered in the factorial analysis did not respond to phytase supplementation, whereas mortality was significantly reduced in chicks fed Values in italics were not used in factorial analysis, but were used in regression analysis.
the YDC at the lowest levels of nonphytate P considered in the factorial analysis. This effect of YDC accounted for the significant interaction of corn source × P level × phytase supplementation. The reduction in mortality at lower levels of nonphytate P may be one of the greatest contributions of phytase in an overall program to reduce fecal P output. Tibia ash content was significantly affected by the main effects of level of nonphytate P and phytase supplementation, but was not affected by type of corn (Table 6 ). There were significant interactions between phytase supplementation and level of nonphytate P, and corn source and phytase supplementation, and among corn source, level of nonphytate P, and phytase supplementation. Phytase supplementation significantly improved tibia ash when added to diets with low levels of nonphytate P, but at the higher levels of nonphytate P, there was no improvement in tibia ash when phytase was added. The tibia ash content of chicks fed diets with both YDC and HAPC improved with phytase supplementation; the improvement was greater in chicks fed diets with YDC, especially at lower levels of nonphytate P. This result was to be expected because the YDC diets contained approximately twice as much phytate-bound P as did the diets with HAPC. As the diets neared sufficiency in level of nonphytate P, no differences in tibia ash were noted between chicks fed the two corn sources.
The severity of TD, scored using the system of Edwards and Veltmann (1983), was significantly affected by level of Values in italics were not used in factorial analysis but were used in regression analysis. Means in rows or columns with common superscripts do not differ significantly (P < 0.05).
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Values in italics were not used in factorial analysis but were used in regression analysis.
nonphytate P and by an interaction between nonphytate P level and phytase supplementation (Table 7) . There was no significant difference in tibial dyschondroplasia due to the main effects of source of corn or phytase supplementation. The response to nonphytate P supplementation was not linear, with the TD score declining significantly as the nonphytate P level increased from 0.20 to 0.35%, and with a nonsignificant increase as the nonphytate P level increased further. The interaction between phytase supplementation and nonphytate P level followed no clear-cut pattern of response.
Regression Analysis
Results of the nonlinear regression analysis to estimate the nonphytate P requirement for optimum body weight, feed conversion ratio, and tibia ash for each of the corn sources, with and without phytase supplementation, are shown in Table 8 . The requirement was established as the inflection point of the one-slope regression model (Robbins et al., 1979; Yu and Morris, 1999) . The highest demand for nonphytate P was for tibia ash, followed by body weight and feed conversion.
When the diets did not contain phytase, the inflection point for tibia ash was 0.39 ± 0.018% nonphytate P for chicks fed diets with YDC, and 0.37 ± 0.005% for chicks fed the diets with HAPC. Thus, the P provided from the HAPC appeared to be equal to that provided by the dicalcium source used to supplement the diets formulated using YDC, which is in agreement with the report of Ertl et al. (1998) . These values are lower than suggested by NRC (1994) .
When phytase was added to the diets, the nonphytate P level needed to optimize tibia ash was reduced by approximately 0.10% (to 0.29% nonphytate P) in diets formulated using YDC, and by approximately 0.05% (to 0.32%) in diets using HAPC. The diets with YDC were calculated to contain 0.20% phytate P, whereas the diets with HAPC were calculated to contain 0.10% phytate P; thus, the addition of the phytase released approximately 50% of the phytate P from each diet.
Estimates of the amount of P released by phytase vary depending upon the level of phytase used, the type of diet, and other factors. Nelson et al. (1971) indicated that from 50 to 100% of the phytate P from corn-soybean meal diets could be released by phytase supplementation, depending upon the level of phytase used. Denbow et al. (1995) reported that P released from phytate ranged from 31 to 58%, for 250 to 1,000 units of phytase/kg of feed. Simons et al. (1990) indicated that when phytase was added to a low-P broiler diet, the availability of the phytate-bound P was increased to over 60%. Yi et al. (1996) estimated that up to 37% of the phytate P in soybean meal would be released by the addition of 1,000 units of phytase/kg of diet. Thus, data from the present study is in general agreement with previous findings.
Meeting the needs for maximum tibia ash would provide sufficient nonphytate P to maximize body weight. Means in rows or columns with common superscripts do not differ significantly (P < 0.05).
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A nonphytate P level of 0.32 to 0.34% appeared adequate for optimum body weight; the inflection point was similar for chicks fed both YDC and HAPC, with or without phytase supplementation. Meeting the P needs for maximum tibia ash and body weight would provide sufficient P to maximize feed conversion. This parameter was somewhat more variable than tibia ash or body weight. Birds fed diets with YDC FIGURE 1. Fecal phosphorus content (% dry matter basis) of broilers fed diets with yellow dent corn (YDC) or high available phosphorus corn (HAP) with and without the addition of 800 units/kg phytase (PHY) in diets with varying levels of nonphytate phosphorus. required approximately 0.17 to 0.18% nonphytate P to maximize the feed conversion ratio, regardless of phytase supplementation. Birds fed the diets with HAPC appeared to require a higher nonphytate P level for optimum feed conversion ratio (0.22 to 0.27%). There were fewer data points below this level for the birds fed the HAPC compared with birds fed the YDC; thus, the confidence interval around this estimate was quite large.
A nonphytate P level sufficient to minimize mortality was not well estimated by nonlinear regression analysis. Based upon results of the factorial analysis, a nonphytate P level that was satisfactory to support tibia ash, body weight gain, and feed conversion would be sufficient to minimize mortality.
Fecal Phosphorus Content
Fecal phosphorus content, as influenced by source of corn, dietary nonphytate P content, and phytase supplementation, is shown in Figure 1 . Fecal P content at the various inflection points for optimum tibia ash was 1.09% for YDC diets with no phytase supplementation, 0.87% for YDC diets with phytase supplementation, 0.78% for HAPC diets with no phytase supplementation, and 0.64% for HAPC diets with phytase supplementation.
Regardless of the source of corn or phytase supplementation, the fecal P content increased sharply after the diets met the need for optimum tibia ash. The fecal P content of birds fed YDC diets with 0.45% nonphytate P without phytase supplementation was 1.21%, which is the NRCrecommended level of nonphytate P and is similar to that currently used by the poultry industry.
8 Thus, compared with birds fed diets with nonphytate P at NRC recommendations and those currently followed by the poultry industry, the use of HAPC in combination with phytase at a 8 Agri States Inc., Fort Wayne, IN 46818. nonphytate P level that would optimize bone ash reduced fecal P by approximately 47%. Addition of phytase to YDC at a nonphytate P content that would optimize bone ash could reduce fecal P output by approximately 28%.
Reported values for P in broiler manure and litter vary widely. Edwards and Daniel (1992) summarized the results of several studies and reported an average P content in broiler litter of 1.43%, with a range of 0.8 to 2.58%. Values for poultry manure averaged 2.07% with a range of 1.35 to 3.4%. If regulations regarding litter disposal are enacted, it is important that they consider actual litter P values and not those based upon published average values. The results of the present study show that fecal P levels can be significantly reduced while maintaining optimum live performance by judicial choice of dietary P level, supplementation with phytase, and inclusion of genetically different feedstuffs such as HAPC.
